The Rehbinder effect (adsorption strength reduction effect) consists in a qualitative change of the development of multi-scale damage kinetics in a deformed sample in the presence of surfactants (in our case, liquid gallium). Its influence on the fatigue life of pure iron under gigacycle loading conditions is associated with a qualitative change of the role of the surface. The property of the surface to serve as a high power "sink" for defects is significantly reduced due to similarity of the chemical potential of the solid and surfactant as a result of "filling" the incomplete atomic planes ,which provides the "adiabatic" character of the process of damage accumulation in the volume of material. Fatigue tests of pure iron were carried out on the ultrasonic resonant fatigue machine Shimadzu USF-2000 with frequency of 20 kHz in the gigacycle fatigue loading regime with very low stress amplitude, during which the material failure occurs after realization of 10 9 loading cycles. Fractured surfaces were analyzed by optical and electronic microscopes to identify the depth of penetration of liquid metal into the fracture area. It has been shown that the durability and strength of the material coming into contact with a surfactant are significantly reduced on the "adiabatic" surface and the region of localization of the defect density is shifted to the surface layer, which is characteristic of "embrittlement" materials being in contact with a surfactant. The Rehbinder effect radically changes the mechanism of crack initiation in gigacycle fatigue regime, which leads to the formation of cracks in the surface layer of the sample, rather than in the volume of the material, which is characteristic of this kind of fatigue failure.
Introduction
Mechanical properties (strength, plasticity) of solids of different physical nature can vary considerably under the influence of the surrounding medium. Generally, these changes are variable and can be associated with chemical reactions and with physical and chemical environmental impacts. In the second case, changes in the properties of solids, known as the Rehbinder effect, are usually associated with a decrease in the specific surface energy of solid including the work of the formation of new surfaces (cracks). Distinctive features of this effect are that they occur only under the combined action of the surface-active medium and stress. The degree of manifestation of the effect depends on the chemical composition of the solid, environment, material structure and deformation conditions Rehbinder (1972) , Shchukin (2006) . A significant decrease of critical stress and strain is indicative of the qualitative changes in the mechanisms of failure. The peculiarities of the Rehbinder effect allow us to make the assumption that the sample under deformation can be considered in general as a part of the "solid -surfactant" system. In the case when the mathematical description of the process is restricted to the sample volume, the effect of the environment will manifest itself in the boundary conditions. With regard to the damage kinetics it is related to the boundary conditions in terms of the damage parameter associated with a real defect of the material structure interacting with a surfactant, in which the effect of a medium can significantly change the defect kinetics and damage localization stages.
The nature of Rehbinder effect in solids
Physico-chemical affinity of two metals (A -solid and B -liquid) predetermining low values of the interfacial energy is manifested in their interaction energy, mostly positive and low, which excludes both strong and very weak chemical interaction. Binary diagrams A-B are the simplest form of eutectic with moderate solubility in a solid phase. Shchukin (2006) was demonstrated that at the molecular level, facilitating the destruction of the active medium, solid-solid links do not break, but are replaced by the solid-liquid links followed by a transition to liquidliquid interaction. The schematic representation of the behavior of the liquid phase at the crack tip is shown in fig. 1 where ACB wedge drawn in solid II is a kind of the boundary separating solid and liquid phases. Of course, the inter-atomic bonds are fully compensated. The mobility of atoms in a wedge ACB, as well as in the crystal is limited (thermal fluctuations). In the presence of liquid atoms in ACB of the solid body (II) the occurrence of shear strain in the liquid medium requires minimum energy, so that its atoms possess higher migration mobility. This facilitates the penetration of active atoms into the crack tip and compensates the break of solid-solid links caused by the crack growth (III). The surface of the material, as noted by Frenkel (1975) , plays a specific role in the process of irreversible deformation of solids, being a high-capacity source and sink for defects. In view of the fact that the irreversible deformation is determined by nonlocal interactions and diffusion processes, which are based on the interaction of dislocations with each other and with the vacancies, Naimark (1991) was inferred that that the surfactant can have a strong effect on the diffusion processes associated, for example, with the interaction of dislocation loops with a solid surface. In this case the emergence of dislocation onto the solid surface completes the process of irreversible microscopic deformation. Therefore, the absence or insufficient "capacity" of the external sink for dislocations leads to a mismatch of the processes of their nucleation and movement in a macroscopic volume, which affects the development of plasticity, hardening and damage localization. The evolution equation for damage parameter by Naimark (2014) admits the following boundary conditions at the surface S:
where N is the interaction constant, which depends on the chemical potential of the solid and surfactant. The effect of the interaction parameter N on the variation of the critical conditions suggests (for the case of an active load, deformation at a constant speed) that in the case of large N the free surface shows the property of defect sink of unlimited capacity (p|S=0). For N=0 the damage kinetics can be realized in a shorter time and at lower values of deformation or the critical stress. From the numerical analysis by Naimark (2014) follows a conclusion that the physical and chemical effects of the environment in the presence of surfactant can be interpreted as an "effective locking "of the free surface for moving dislocations. The effect of surfactants facilitates plastic deformation and reduces the ultimate strength as a result of socalled adsorption effect. Naimark (1991) was shown that the resulting effect of adsorbed layers is a decrease in the yield stress and hardening rate accompanied by a significant refinement of slip bands and grains during deformation of metals. The development of defects at high cyclic loads is usually concentrated in the surface layers of metal. Naimark (1991 Naimark ( ,2014 was found that when the metal comes into contact with the surface-active medium, the nucleation of defects is intensified and, accordingly, the surface porosity increases. Shevelya (1967) was used the electron microscopy data to show that the static tensile loading of steel in the presence of surface-active medium leads to significant changes in the dislocation structure compared to the structure, which occurs during deformation in the inactive medium. The study of dislocation structure evolution in steel under fatigue conditions has shown that under identical loading conditions the endurance limit decreases by 30-50% in the case of interaction with the surface-active medium. Fatigue loading in the presence of surfactant leads to significant changes in the dislocation structure. It has been found that the test in the surface-active medium leads to an increase in the density of dislocations entering in more complex interactions in the dislocation ensemble. The estimation of dislocation density based on the electron microscopy data showed that loading in the presence of a surfactant increases the dislocation density by 3-5 times. A higher dislocation density in the surface layers observed in the case of material loading in the surface active medium indicates that under these conditions the process of plastic deformation proceeds much easier An increased activity of subsurface sources leads to an additional increase in the density of dislocations and their interactions. The result is the formation of coarse dislocation network under the conditions of more pronounced fatigue hardening. Here we investigate the effect of adsorption reduction of the strength of pure iron under the influence of liquid eutectic alloy of gallium and indium in the GCF regime.
Experimental routine
In this work we investigated the effect of adsorption reduction of strength of pure iron under the action of liquid eutectic gallium-tin-indium alloy in gigacycle fatigue regime. Fatigue tests were carried out on the Shimadzu USF-2000 ultrasonic machine of resonance type by , which determines special conditions to the geometry of the samples (fig.2) . During the experiment, the sample and components of the machine experience resonant oscillations, which form a standing wave. The ultrasonic generator excites the converter, which initiates periodic stress amplified by the horn. The peak displacements are located at the ends of the sample, where they can be measured by a dynamic sensor. The maximum stress is concentrated in the center of the sample. The distribution of stresses and displacements in the converter-amplifier-sample system with the coefficient of cycle asymmetry R = -1 is shown in Fig. 3, a. Fig 3, b. shows the sample with a thin layer of liquid gallium, which was applied to the previously polished and degreased surface. a) b) Fig. 3 .The resonant fatigue machine. a) The principal scheme with stress and displacement distribution by b) The image of specimen with thin layer of liquid gallium.
The results of tests of pure iron samples in air and in contact with the liquid metal are shown in fig. 4 . The data analysis allows us to make a conclusion that for the examined material tested in air, there exists the presumed "fatigue limit" of 3•10 9 cycle loading to fracture with the stress amplitude of 160 MPa. However, the application of a thin layer of liquid gallium alloy on the surface of the sample reduces its fatigue life by more than 2 orders of magnitude: 6•10 6 -2.3•10 7 cycles to failure.
The process of fracture of samples of pure iron in the air was not of an ordinary character. Usually, the loss of resonant frequency of the sample in the ultrasound machine is an irreversible process and corresponds to the fatigue crack initiation. In the case of pure iron the loss of the resonant frequency and, consequently, shutdown of the machine (and thus the interruption of loading) does not always lead to the macroscopic fracture of the sample and nucleation of a crack. Such behavior of the sample is the result of irreversible changes in the structure of the material, which can be considered critical from the view point of the sample deformation endurance under ultrasonic loading. However, these changes are not associated with the formation of fatigue crack and mechanically correspond to a sharp increase of the dissipation ability of the sample and impossibility of its testing in the air-cooled regime provided in the fatigue-load machines. The measurements of the sample temperature during tests showed that in the final stage of the process the temperature abruptly increases up to 220 °C, which is accompanied by a decrease of the resonant frequency. In the case of ultrasonic loading of the sample interacting with liquid gallium, the fatigue crack was initiated at the sample surface as in the case of operation of the classical cycle fatigue mechanisms. The edges of the cracks indicate that liquid metal penetrates into the crack during fatigue tests.
The main role in gigacycle fatigue durability of the material is played by the process of nucleation of the fatigue cracks by , Mughrabi (2013) , and the process of its propagation in the material takes only 2-5% of the "fatigue life". The fact that at the same level of the stress, fatigue fracture in the material being in contact with liquid metal occurs several orders of loading cycles earlier than in the air indicates that in general, changes in the mechanism of crack initiation occur under the influence of the surfactant. Fracture surfaces of the samples were uncovered after cooling by liquid nitrogen and studied by the optical profilometer and scanning electron microscope (Fig.5 ). The analysis of fractured surfaces revealed that the crack in the presence of liquid metal is initiated at the surface of the material. The analysis of the chemical elements using the spectra of electrons reflected from the fracture in the scanning electron microscope allowed us to determine that the liquid metal penetrates into the material to a depth of about 200 microns and resides exclusively in the center of crack initiation. While crack grows further into the material it is not affected by the surfactant. In one of the samples we also observed two centers of crack initiation at one site, which is common to fatigue failure by corrosion by Palin-Luc (2010) , and is also observed in the case when crack formation occurs at a distance from the region of maximum stresses.
Thus, we can say that the effect of liquid metal embrittlement is observed only at the stage of fatigue crack initiation, and its propagation deep into the sample is governed by the classical Paris law. This fact can also be supported by the results obtained by Shevelya (1967) for low and high cycle fatigue loading, when a decrease of fatigue strength was takes place only a few times because the stage of fatigue crack initiation in such regimes is significantly shorter.
Conclusion
It can be concluded that the effect of liquid-metal embrittlement occurs mainly at the stage of fatigue crack initiation and the process of the crack growth is governed by the classical Paris law. This fact can also be substantiated by the results obtained by Naimark (2014) under low-and high-cycle fatigue loading regimes, when a decrease in durability (several times) was observed despite the fact that the stage of fatigue crack initiation under low-cycle fatigue loading is significantly shorter. Taking into account the peculiarities of the Rehbinder effect, which consist in qualitative changes of the multi-scale kinetics of dislocation ensemble in the surface layer making contact with a surfactant, the effect of surface-active media (molten metal) on the fatigue life of Armco iron in the gigacycle regime can be associated with a qualitative change in the role of the surface. The property of the surface, as the high power "drain" for defects is significantly reduced in the case when the proximity of the chemical potentials of the solid and surfactant provides "adiabatic" scenario for the process of damage accumulation in the bulk of material.
